Maternal alcohol consumption during pregnancy can induce central nervous system abnormalities in the fetus, and folic acid supplementation can reverse some of the effects. The objective of the present study was to investigate prenatal alcohol exposure-induced fetal brain proteome alteration and the protective effect of folic acid using proteomic techniques. Alcohol (5·0 g/kg) was given intragastrically from gestational day (GD) 6 to15, with or without 60·0 mg folic acid/kg given intragastrically during GD1-16 to pregnant Balb/c mice. The control group received distilled water only. Results of litter evaluation on GD18 showed that supplementation of folic acid reversed the prevalence of microcephaly induced by alcohol. Proteomic analysis indicated that, under the dosage of the present investigation, folic acid mainly reversed the alcohol-altered proteins involved in energy production, signal pathways and protein translation, which are all important for central nervous system development.
The toxic effect of maternal alcohol consumption during pregnancy has been documented over the last two decades since Jones & Smith first described the characteristics of fetal alcohol syndrome (FAS) in 1973 1 . As a result of these studies, the relationship between maternal alcohol consumption and congenital neurological abnormalities is well established 2 -4 . Microcephaly, defined as reduced brain weight relative to body weight, is a classic indicator of central nervous system (CNS) malformation, which is central to a diagnosis of FAS 5 . FAS patients often have more than one neurodevelopmental disorder, including substantial, lifelong impairments in intellectual, cognitive and psychosocial functioning 6 -9 . The most frequent problems include attention deficit, sequential processing (short-term memory and encoding) impairment, neuropsychiatric abnormalities and hyperactivity, which might contribute to the likelihood of committing crimes 10, 11 . Animal models of FAS have been used successfully to examine the effect of alcohol exposure during development on social behaviour. It has been shown that prenatal alcohol exposure affects the learning and memory abilities, and the executive functioning of rodents 3, 12, 13 . The social behaviour deficits found in rodent pups following perinatal alcohol exposure were consistent with the frequently observed clinical symptoms in FAS children 14 . Folic acid (FA) has been credited with a beneficial role in preventing a range of birth defects, especially neurological abnormalities 15 -18 . Lalonde et al. 19 also found that increases in the plasma level of FA decreased perseverative responding and improved spatial memory in rats. In the present investigation, we studied the effect of FA on prenatal alcohol-induced fetal brain proteome modification in mice, hoping to provide a molecular clue to the protective mechanism of FA on alcohol-related abnormalities in the CNS.
Materials and methods

Chemicals
Anhydrous ethanol was purchased from the Beijing Chemical Company (Beijing, China). FA was purchased from the Sigma Chemical Company (St Louis, MO, USA). Acrylamide, ammonium persulfate, isoelectric pH gradient strips (5 mm wide, 18 cm long, pH 3-10 linear), urea, and ultrapure reagents for polyacrylamide gel preparation were obtained from Bio-Rad (Hercules, CA, USA). Carrier ampholytes (pH 4-8) and 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS) were also obtained from Bio-Rad. HPLC-grade methanol and glacial acetic acid were used. Dithiothreitol, N,N,N 0 ,N 0 -tetramethylethylendiamine, iodoacetamide, ammonium bicarbonate, trifluoroacetic acid and a-cyano-4-hydroxycinnamic acid were obtained from the Sigma Chemical Company. Modified porcine trypsin was purchased from Promega (Madison, WI, USA). All chemicals (unless specified) were reagent grade and used without further purification. High-purity water was prepared from a Milli-Q gradient water-purification system (Millipore, Bedford, MA, USA) and was used for proteome analysis in the present study.
Animals and treatment
Virgin female Balb/c mice, age 8 -12 weeks, were used in the research. The animals were maintained in a temperature-and humidity-controlled animal facility with a 16 h light-8 h dark cycle, and were provided food and water ad libitum throughout the study. The FA content of the chow was 2·0 mg/kg. Dams were caged with sires overnight and copulation was assessed the following morning by the presence of a vaginal plug to signify gestational day (GD) 0.
Plug-positive females were randomly divided into three groups (ten dams per group). Dams in the FAS model group were administered 5·0 g alcohol/kg body weight intragastrically as a 25 % (v/v) solution in twice-distilled water, using a 21-gauge needle. They were treated at 08.00 hours daily from GD6 to GD15 to cover the whole organogenesis period 20 . The FA supplementation group was additionally dosed daily with 60·0 mg FA/kg from GD1 to GD15. During the alcohol treatment period, FA was given at 10.00 hours (2 h after ethanol administration) 21, 22 . Controls received an equal volume of twice-distilled water without alcohol or FA. Food consumption of each dam was recorded every 3 d. The use of animals in the research was approved by, and conducted in compliance with, the guidelines for animal research of Peking University.
Fetal manipulations
All dams were killed on GD18. The fetuses were delivered by rapid hysterectomy, weighed and killed by cervical dislocation. The fetal brain was removed, wiped and weighed immediately.
Protein extraction
Two fetal brains with no obvious gross malformations per litter and six litters per group were selected for protein extraction. Each fetal brain was prepared individually. The whole brain tissue was suspended in 0·5 ml of sample buffer consisting of 7 M-urea (Merck, Darmstadt, Germany), 2 M-thiourea (Sigma, St Louis, MO, USA), 4 % (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-propane sulfonate (CHAPS; Sigma, St Louis, MO, USA), 65 mm-1,4-dithioerythritol (Merck, Darmstadt, Germany), 0·2 % (w/v) 3/10 ampholytes (BioRad), and 10 ml mixture of protease inhibitors (Roche Diagnostics, Mannheim, Germany). The suspension was sonicated for approximately 30 s, mixed with 5 ml DNAse and RNAse (Promega, Madison, WI, USA), left at room temperature for 1 h and then centrifuged at 14 000 g for 60 min. The protein content in the supernatant fraction was determined by the Coomassie blue method 23 .
Two-dimensional electrophoresis
Samples of 1 mg protein were applied on immobilised isoelectric point 3 -10 non-linear gradient strips in sample cups at their basic and acidic ends. Isoelectric pH gradient strips were rehydrated for 12 h at 30 V and 208C using the IPGphor (Amersham Biosciences, Barcelona, Spain). The voltage during isoelectric focusing (IEF) at 208C was programmed as follows: 1 h at 500 V, 1 h at 1000 V, 30 min at 8000 V (gradient), and 8 h at 8000 V. Immediately after IEF separation, the strips were equilibrated in SDS equilibration solution (50 mMc-tri(hydroxymethyl)-aminomethane-HCl (pH 8·8), 6 M-urea, 30 % glycerol, 2 % SDS and bromophenol blue (trace)). In the first equilibration step 1 % dithiothreitol was added to the solution. In the second equilibration step, 4 % iodoacetamide was added. The second-dimensional separation was performed on 13 % gradient sodium dodecyl sulfate polyacrylamide gels. The gels were run at 40 mA per gel for 40 min and 60 mA for another 5 h. After protein fixation for 12 h in 40 % methanol and 10 % acetic acid, the gels were stained with colloidal Coomassie blue (Novex, San Diego, CA, USA) for 8 h. Molecular masses were determined by running standard protein markers (Pharmacia, Uppsala, Sweden), covering the range 10 -200 kDa. Isoelectric point values were used as given by the supplier of the immobilised pH gradient strips. Excess dye was washed out from the gels with distilled water. All the gels were scanned with a PowerLook 1000 Scanner (Bio-Rad) and the images were saved as TIFF files for further analysis.
Image analysis
Image analysis and quantification of spots were performed with PDQuest 7.0 software (Bio-Rad). Spot detection was optimised by adjusting the default parameters. Matching of the spots was performed by choosing a gel as a reference gel, manually selecting twenty to fifty spots as user seed, depending on the gel pattern, and matching all of the spots. Additional matching was performed manually when it was necessary. Spot standardisation was carried out for all matched spots. The background was subtracted manually by selecting approximately sixty-five non-spot areas. Spot intensities were then normalised as percentage of the total spot intensity using spots that were present in all gels. The spot intensity data of each sample were exported to Microsoft Excel (Redmond, WA, USA). Since two samples per litter and six litters per group were applied to two-dimensional electrophoresis and image analysis, altogether twelve datasheets per group were obtained. Then the average intensity of each matched spot was calculated and the intensity difference of each matched spot between different groups was found.
In-gel digestion of protein
Protein spots found to have significantly altered levels of expression were excised from the gels, and washed with ion-free water and 50 % acetonitrile in 100 mM-ammonium bicarbonate. After washing, gel pieces were shrunk by the addition of acetonitrile and dried. The dried gel pieces were rehydrated with trypsin (40 ng/ml) (Roche Diagnostics) in enzyme buffer (consisting of 5 mM-octylb-d-glucopyranoside and 10 mM-ammonium bicarbonate) and incubated for 4 h at 308C. Peptide extraction was performed with 10 ml 1 % trifluoroacetic acid in 5 mM-octylb-D-glucopyranoside. Extracted peptides were directly applied onto a target (MTP AnchorChipTM 600/384; Bruker Daltonics, Bremen, Germany) that was loaded with a thin-layer matrix of a-cyano-4-hydroxycinnamic acid (Sigma, St Louis, MO, USA).
Mass spectroscopy
A small fraction (0·5 ml) of the unseparated tryptic digest mixture was mixed with a-cyano-4-hydroxycinnamic acid matrix (1:1, v/v) and analysed on an Ultraflexe TOF/TOF (Bruker Daltonics) matrix-assisted laser desorption-ionisation time of flight MS.
Database searches for protein identification
The peptide masses were entered into the MASCOT search engine (www.matrixscience.com). The following parameters were used in the searches: Mus musculus taxonomy, trypsin digest, up to one missed cleavage allowed, monoisotopic masses and a mass tolerance of 100 parts per million. The National Center for Biotechnology Information (NCBI) and Swiss-Prot databases were searched to match the tryptic peptide fingerprint with a parent polypeptide.
Statistical analysis
All dataset analyses were performed using the Statistical Package for Social Sciences for Windows (version 13.0; SPSS Inc., Chicago, IL, USA). The body and brain weights of each fetus in one litter were recorded, and the averages of body and brain weights of this litter were calculated. The same calculating method was used for other litters in the same group, and then the average of averages was calculated as the mean for this group. Intergroup differences were analysed using ANOVA followed by the least significant difference post hoc test. The level of significance was set at P, 0·05.
For the protein spots' intensity analysis, the intensity of each matched spot was analysed separately. The average intensity of each matched spot for one group was calculated from the twelve data in this group. Then inter-group differences were analysed using ANOVA, followed by the least significant difference post hoc test. The level of significance was set at P, 0·05.
Results
Food consumption
During the whole experiment, the average food consumption of the dams in the control, FAS model and FA supplementation groups was 121·83 (SD 18·16), 111·67 (SD 14·67) and 121·25 (SD 11·88) g, respectively. No significant difference of food consumption between the three groups was found (P. 0·05).
Gross examination of the fetuses
Four fetuses with exencephaly malformation were found in the FAS model group with none found in the control and FA-supplemented groups. Statistical analysis showed significant decreases of fetal body weight and brain weight in the FAS model group, suggesting in utero growth retardation. The fetal brain:body weight ratio also decreased in the FAS model group, which is characteristic in FAS, defined as 'microencephaly'. However, the ratio was reversed by FA supplementation (Table 1) .
Expression profile of fetal brain proteins
Intact fetal whole-brain protein samples from the control, FAS model and FA-supplemented groups were analysed individually. Image analysis revealed that the abundances of over thirty individual protein spots were significantly changed in the FAS model group compared with those of the control group; seventeen of these were reversed by FA supplementation. The seventeen protein spots were gently cut and subjected to tryptic digestion and matrix-assisted laser desorption-ionisation time of flight MS analysis. As a result, thirteen spots were matched to known protein sequences and identified; the remaining four spots could not be identified, as generated peptide fragments did not match with mouse sequences in public databases or were too low in abundance to obtain useful data. Of the thirteen identified protein spots, ten were increased, and three were decreased as a consequence of in utero alcohol exposure (Fig. 1) . FA supplementation reversed the expression changes of all the thirteen proteins, however, to different degrees, as indicated by the mean abundance changes of protein spots in Table 2 . Proteins identified mainly include enzymes involved in metabolism and energy production, protein translation, folding and signalling (Table 2) .
Discussion
Prenatal alcohol exposure-induced CNS abnormalities have a far-reaching impact on human life. CNS dysfunctions, such as impaired neural plasticity, poor learning and memory capabilities, neuropsychiatric abnormalities and hyperactivity, are common in individuals with prenatal alcohol exposure 24 . In fact, very few neonates from even alcoholic mothers present 'exencephaly' clinically, yet almost all of them will show poor behavioural capabilities as they grow older 25 . This indicates that CNS development is impaired in those morphologically normal-appearing babies with prenatal alcohol exposure. To find out the alterations in such CNS tissues, we analysed the whole-brain protein changes of mice fetuses with prenatal alcohol exposure (without exencephaly, however) in the present investigation.
FA, a member of the B vitamin group, has been found to prevent birth defects, especially CNS abnormalities 26 -28 . In the present study, we investigated changes of the fetal brain proteome, and found that some essential enzymes, which were modified by prenatal alcohol exposure, were protected by FA supplementation.
Enzymes in metabolism and energy production
Glucose is recognised as the key energy source for brain tissue; in the mean time, it also plays a role in the production of various important molecules, such as nucleic acids, lipids and certain neurotransmitters 4 . Physiologically, most glucose is oxidised by glycolysis to pyruvate and further oxidised into acetyl-CoA, which enters into the tricarboxylic acid cycle and produces more of the energy substance ATP under normoxic conditions. However, under hypoxic conditions, pyruvate will be reduced into lactate by lactate dehydrogenase, and no further ATP is produced in this reaction. Therefore far more ATP is produced by glucose oxidative phosphorylation than by anaerobic glycolysis. In the present investigation, the expression of two isocitrate dehydrogenases, which are key enzymes in the tricarboxylic acid cycle, was significantly down regulated in the fetal brain by prenatal alcohol exposure. This was very likely to impair the process of the tricarboxylic acid cycle and decrease the energy supply to the brain. On the other hand, lactate dehydrogenase, the enzyme catalysing the final step of anaerobic glycolysis, was up regulated by alcohol exposure. This was probably an adaptive response of the fetuses to the hypoxia caused by alcohol metabolism 29 .
As is mentioned earlier, under hypoxic conditions, ATP production through anaerobic glycolysis was limited, which might aggravate the energy insufficiency caused by down regulation of the two isocitrate dehydrogenases. Mitochondria play an essential role in ATP production, being where the tricarboxylic acid cycle takes place and most ATP molecules are produced. ATP synthesis through the mitochondrial respiratory chain is the fundamental means of cell energy production both in man and in animals. ATP synthase, also known as complex V, is a key enzymic complex for ATP synthesis. In our previous study 30 , we found that in utero alcohol exposure could inhibit the activity of fetal brain ATP synthase. In the present investigation, it was found that the expression of two subunits of this complex (a and D) was suppressed by alcohol, which would directly result in disturbed energy production in the developing brain. From the analysis above, the total energy supply in the fetal brain appeared to be decreased. Energy is crucial for developing organs. For the fetal brain, long-term energy insufficiency might cause retarded proliferation and differentiation of neurocytes and disturbed neurotransmitter formation. This might partly explain the microcephaly and mental retardation found in FAS patients.
Signalling proteins
Serine/threonine protein phosphatase, COP9 signalosome complex and nucleoside diphosphate kinase B are essential factors for signal transduction in cells and for the control mechanism of numerous physiological processes including growth, differentiation, metabolism, cell-cycle regulation and cytoskeleton function. 14-3-3 Protein could interact with a range of protein kinase, phosphatase and other signalling proteins, known as a type of 'adapter protein'. As well as interactions with proteins, including transcription factors, 14-3-3 isoforms have been shown to interact with cruciform DNA 31 , regulating the initiation of DNA replication. In the present investigation, prenatal alcohol exposure suppressed the expression of these signalling proteins in the fetal brain, which might result in certain developmental signalling pathway disturbance, thus contributing to CNS retardation or malformation. Table 2 . pI, isoelectric point; M r , molecular mass.
Enzymes in protein translation and folding
Proteasomes play an important role in cell growth and differentiation by removing denatured, damaged or improperly translated proteins from cells and regulating the level of proteins such as cyclins or some transcription factors. Changes in these enzymes are likely to result in delay or inaccuracy of protein translation and folding, and therefore affect the natural function of the proteins. In the present investigation, prenatal alcohol exposure suppressed the subunit expression of these enzymes in the fetal brain, which might be related to the structural and functional abnormalities of the CNS.
Translationally controlled tumour protein
Translationally controlled tumour protein (TCTP) was another up regulated protein by prenatal alcohol in the present research. TCTP is not a tumour-or tissue-specific protein, but is expressed ubiquitously from plants to mammals. It is believed to be important for cell growth and division. Overexpression of TCTP in mammalian cells results in slow growth and a delay in cell-cycle progression 32 . Overexpression of TCTP mutated in the phosphorylation sites for the mitotic kinase Plk disrupts the completion of mitosis 33 . Jung et al. 34 reported recently that TCTP interacted with Na,K-ATPase and suppressed its activity. In the present investigation, prenatal alcohol exposure up regulated the expression of TCTP in the fetal brain, which might lead to a delay in cellcycle progression and slow growth of the fetal organ.
In addition to the effects described earlier, prenatal alcohol exposure also up regulated the level of N G ,N G -dimethylarginine dimethylaminohydrolase 2, an enzyme involved in NO generation. This enzyme hydrolyses N G ,N G -dimethyl-L-arginine and N G -monomethyl-L-arginine, which act as inhibitors of NO synthase, and therefore has a role in NO generation. In the present study, the NO synthase inhibition effect was likely to be reduced resulting from N G ,N G -dimethylarginine dimethylaminohydrolase 2 up regulation, and therefore more NO would be produced. NO is well known as a highly diffusible, short-lived non-electrolyte chemical radical 35 . Although NO may have some physiological roles, excessive NO would exhibit pathophysiological effects. NO would interact with O 2 to form nitrite (NO Altogether, under the dosage of the present investigation, FA supplementation mainly reversed the alcohol-altered proteins related to energy production, signalling and protein translation. However, there were still proteins altered by prenatal alcohol exposure yet not reversed by FA as narrated in the results. Most of those FA-protected proteins found in the present study really play essential roles in brain development. As a result, the fetal brain:body weight ratio of the FA supplementation group reversed to the control level. Those expression alterations caused by alcohol may have resulted from biogenesis inhibition of those enzymes at the transcription or translation level by alcohol, and/or induced by the damage by excess oxygenated free radicals generated by alcohol metabolism. FA is known to act as a cofactor for enzymes that are essential in DNA and RNA synthesis by providing single carbon units for the de novo synthesis of nucleotide bases. On the other hand, FA plays an important role in the transfer of methyl groups in the amino acid methylation cycle, an essential step in the recycling of homocysteine back to methionine. Because the requirement of nucleic acid and protein synthesis are at their peak during the stages of embryogenesis and rapid fetal growth, the demand for FA increases during pregnancy. However, alcohol ingestion inhibits FA absorption, which may lead to FA deficiency 36 -38 . When FA deficiency reaches a certain degree, inhibition of the methylation cycle might impair the synthesis and function of specific proteins 39 -41 . This may contribute to the decrease of some proteins' abundance found in the present research. However, when enough FA is supplemented, the organic nucleic acid and protein synthesis can return to the physiological level, and therefore the malformation and dysfunction caused by alcohol can be reversed. Still, it has been found that the metabolism process and metabolites of FA could counteract the oxidative stress 42 and therefore reduce the oxidative impairments caused by alcohol. Additionally, FA may also play a role in the regulation of gene expression, which is known as gene -nutrient interaction 43 , as was indicated in those studies of mutation and polymorphism screening of genes encoding proteins involved in FA metabolism and uptake.
What is also worth highlighting is that in our previous study with CD-1 mice 44 , we found that combinatorial supplementation of FA and vitamin B 12 during the period of GD1-GD16 had a better protective effect against prenatal alcohol-induced fetal gross malformation and developmental retardation of the skeleton than FA alone. One explanation for the results is that FA and vitamin B 12 are metabolically interdependent; therefore additional supplementation of vitamin B 12 may enhance the utilisation and biological effects of FA. Although the difference of animal models used in the two studies should be taken into consideration, these previous results hinted that the combination of FA and vitamin B 12 might also have a better protective effect on the fetal brain proteome than FA alone; this is under study by us now.
